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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ADVANCE RESTRICTED REFORT 

CHARTS FOR CRITICAL COMBINATIONS OF LONGITUDINAL 

AND TRANSVERSE DIRECT STRESS FOR FLAT 

RECTANGULAR PLATES 

By Charles Llbove and f/anuel 3tein 

SUMMARY 

Charta giving criticsil 
and transverse direct stress 
flat rectangular plates with 
tiona? (a) all edges alirr:ly 
3lir.pl;' 3unp->rted, short eign 
clamper!, 3liort elges simply 
clamped. The charts are bas 
accuracy of which Is checken 
parti f-ul^r exact results an;1, 
example Illustrating the use 

combinations of  longitudinal 
are  presented for Isotropie 
tne folio-wing edge  condi- 
supported;   (b)   lori£ edges 

3   clumped;   (c)   long edges 
supported;   unu  id)   all  ed^es 
ed unsn energy  solutions  the 

by cr.mp.'irxsons with seme 
lowei--lif:lt. S'-Iutlono.    «n 
of  the  chnrts  is  .riven. 

INTRO DT'CTIOE 

Because  the  skin cf   .::  '»lrnlane  in flight is  sub- 
jected  to  Qoniblnatlons of  stress,   attsntion has been 
given to the problem of buckling of plates  when more  than 
one stress Is present,     important  ca3eo of such buckling, 
Involving the  interaction  of  sh'sar ami enc   iirect  stress, 
have  already been studied,     in  the present paper Pla3tlc 
buckling under the Interaction of lon-itudinul anc; trans- 
verse  direct  streas in coiiai.ierecl  (se.j fig.   1). 

» I  i »   • 

MH r 

Figure  1.-  Interaction of longitudinal 
and tran»ver3e direct stress. 
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A combination of two direct stresses can arise in a 
plate if the Polsson effect produced by the application 
of one direct stress is restrained or partially restrained 
by members adjacent to the plate. If the individual 
stresses can be evaluated, the effect of the combination 
should be considered In investigating the stability of the 
plate. 

The energy method is used to derive interaction 
equations that define the critical combinations of longi- 
tudinal and transverse direct stress for Isotropie flat 
rectangular plate3 vith the following four cases of edge 
conditions: 

Case Long eases Short edges 

(e) Simply supportsd Simply supported 

(b) Simply supported Clamped 

(c) Clamped Simply supported 

(d) Clamped Clamped 

Charts based upon the interaction equations are presented 
for these four cases. 

The solution obtained for case (a) is exact. For 
the othnr three oases the solutions obtained are approxi- 
mate and, as is characteristic of the energy method, 
unconservative. Comparisons with known exact solutions 
and lower-limit solutions Indicate, however, that the 
errors in the present results are generally small. 

SYMBOLS 

a 

b 

ß 

t 

v 

length of plate 

width of plate (b<a) 

length-width rrtio (a/b) 

thickness of plat .- 

deflection normal to plane of plate 

''•"'.^'•i'jS* 
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A 

x 

y 

m 

n 

E 

V- 

D 

arbitrary deflection coefficient 

longitudinal coordinate 

transverse  coordinate 

nur.:ber of longitudinal buckles 

number of transverse buckles 

elastic modulus of plate material 

Prisson's rauio for plate material 

flexural stiffness of plate         
12 ( 

aL_N 

longitudinal direct stress, positive for compres- 
sion 

v7 

**'  *y 

transverse direct stress, posltivo for compres- 
sion 

dimensionlesa stress coefficients 

b2t ,   _ b2t 

(*" 
X   2~' ky=°^D D 
INTERACTION CHARTS 

General Description of Charts 

The critical direct-stress combinations for the four 
cases of'edge restraint considered in the present paper 
are defined Yj  the solid curves in the interaction charts 
of figures 2 to 5.  Krich of the solid curves is a plot of 
the critical value of kx against p for s. given value 
of ky. The parameters ltx and ky are dimensionless 
measures of the longitudinal and transverse direct stress, 
respectively, and are defined by the formulas 

kx = °x 
b*t 

(1) 
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(2) 

The parameter 
that is 

Is the ler.gth-v.idth ratio of the plate, 

a 
b 

anc 

(3) 

as 
Any critical combination or iix, «iy, .—„ r, 

represented! by ft point on one of the Interaction charts, 
is associated vilth a definite buckle pattern.  The dif- 
ferent buckle n&tterns are indicated on the charts by 
set3 of values of a and n asslgnpu to different 
regions. These regions are separated by dashed curves. 
The Integra r,i and n are defined a3 the nui.iber of 
longitudinal lobes (buckles) <tnu the number of transverse 
lobes, respectively, into which the buckled shape of the 
plate ia cut by the Diane of the unbuckled plate. 

tach of the Interaction charts of figures } to 5 li 
ba3ed upon two eneryy solutions, which yield two different 
seta of interaction equations. One of these 3ets of equa- 
tions was fount* to give more accurate results in one por- 
tion of the chart and less accurate results in another 
portion than the other set of equations. The dotted curve 
in each or figures J to 3 serves as a demarcation curve 
between these two portions of the chart. Although the 
dotted curves are continuous across the charts, parts are 
omitted in figures I4. and 5 where they would coincide with 

parts of the dashed curves. 

The energy solutions upon which the interaction 
charts are based are given in the appendix. The data 
used In plotting the charts are given in tables 1 to \±. 

Jse of Charts 

The interaction charts can be used to check the sta- 
bility of a plate subjected to known longitudinal and 
transverse direct stresses or to determine the critical 
value of one direct stress corresponding to a given value 

Of the other. 
In order to check the stability of a plate with known 

values of ax and oy, it is necessary first to calculate 
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the values of kx, ky, and 0 from equations (1), (2), 
and (3), respectively, and then to locate on the appro- 
priate chart (depending on boundary conditions) that point 
which is defined by the calculated values of kx 

an<* P- 
The value of kT associated with this point is the 
critical value of 
value of 

kv 
for the plate.  If the actual 

ky as calculated from equation (2) is higher 
than the critical value, the plate is unstable for the 
given loading. Conversely, if the actual value of ky 
is lower- than the critical value, the plate is stable. 

If is known and it is required to find the cor- 
responding critical value of CTy,  the critical value 
of ky is first obtained as Just described.  The critical 
value of cv can then be calculated from the formula 

a    =  k 2^2 (4) 

If o_ is known and it is required to find the critical 
value of ox    for the plate, the values of ky and (3 
are first obtained from equations (2) and (3) and the 
point corresponding to these values is located on the 
appropriate chart.  The ordinate of this point is the 
critical value of kx.  The corresponding critical value 
of ax can then be obtained from the formula 

a, = k, 
b2t 

(5) 

• The use oT the interaction charts will generally 
involve interpolation between ky-curves. The form of the 
interaction equations (A3) to (A13), upon which the charts 
are based, indicates that for a fiven set of values of p, 
m,  and n the critical value of ky varies linearly 
with kx. Accordingly, linear interpolation may be used 
along any vertical line segraent between two adjacent 
dashed curves or between a dotted curve and an adjacent 
dashed curve. It can be shown, however, that linear 
interpolation between two point3 that lie on opposite 
sides of a dashed or a dotted curve introduces a small 
error which tends to offset the error Inherent in the 
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energy solution» The use of linear interpolation between 
k_»ourve3 at all ti'ies is therefore recommended« 

Accuracy of Charta 

The critical stress obtained by an energy method is 
characteristically xmconservative; that is, it represents 
an upper limit to the true critical stress.  If the assumed- 
buokle pattern 13 the true one, however, the critical stress 
is exact. Only for easa (a), all edges simply supported, 
are the prosent results e::aot. For the other cases it is 
important to have some idea of the degree of accuracy; for 
tilts reason tiio results in fijjures 5. I4., and 5 (cases (b), 
(c), and (d)) are compared with sosuo results obtained from 
exact solutions in inferences 1, 2, 3, and !+. These compari- 
sons are summarized in table 5 whore it is seen that the 
errors in the present rosults are gonerally of the order of 
1 or 2 percent. 

The comparisons of table $  ara made for the special case 
of a plates subjected to only one direct stress. The table 
consequently furnishes coraparisons principally along the line 
k- = 0 and along the curve ky = 0 in figures 3 to 5. 
Figure 6 is presented to furnish checks for oases in vrhich 
both dlrocfc stresses ere present.  In figure 6 the interaction 
data for ß = k.    in each of fißurtiS 3 to 5 ere replotted in 
the form of a conventional interaction curve and compared 
with a curve that is known to represent a lowor llznit to 
the true interaction curvo for the case.  Sinon the inter- 
action curve baaed on ths energy method is character- 
istically unconservatlve and furnishes an uj.per limit to 
tho true interaction curve, the true interaction curve 
must lie somewhere between the two curves compared. Con- 
sequently, if thfe two cur7es lie close together, the 

*In the interval between the original publication of this 
report and its re-publication in the present form as a 
Wartime Report, extensive checks wore made by Jame3 C. 
McCulloch of the Langl^y Laboratory staff on the results 
for case (d), all ed^es clamped. The checking was done 
by the method explained in HACA TN No. 11Ü3 entitled 
"The Lagrangian Multiplier Method of Finding Upper and 
Lower Limits to Critical Stresses of Clamped Plates" by 
Bernard Budiansky and Pai C. Hu. Tho maximum error in 
any of the results shown in figure 5 or table lj. was 
found to be about 3 percent* 
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 -*   uuiisideratlon because,   all ...   ....tij^H  oeing eiual,   3lr.pl« support along the short 
sd^sa is ü weaker boundary condition than damning along 
-he  short edges.     The lo.ver-llnli. interaction curve used 
n figures  bl'o)  and  ö(c),  -.vhich is taken from figure 2 of 

reference 5>   l3  the e^act interaction curve for an 
infinitely lonvj plate with clsnped ed^es.     This  cur 
known to represent a lower lirr.it fnr. *•••— 

Co.ispari3-?nj  ci^iUr  üo  those  just discussed- would 
have  little sijijficance as an indication of accuracy 
for values of    p    lower   than \. because  th» divergence 
between the true interaction curves nn6 the  lower-limit 
interaction curves generally increa'aes as    p    decreases. 

ILLPSTRATIVS EXAMPLE 

Problera 

An iaotroplc flat rectangular plate is built Into a 
structure in such a way that its  long edges may be assumed 
to be  cla-npcd and its  short ed^es stoply supported.   -The 
plate is 22j. inches  long,   12 inches wide, a;id 1/3 inch 
thick.     The rodulus of elasticit-v    3    is  10,00i>,QGC psi 
and Poisson's ratio    u.    13 1/3.    The-problem-is  to 
determine  the  longitudinal eo-rproosive stress    ox    that 
causes buckling on the assumption,  first,   that  the PcvlssoH 
effect  (transverse expansion)   takes place freely and, 
second,   that  the Poi33on effect is  completely prevented by raenbers adjacent  to   tha plate. 

Solution 

If the Poisson effect is allowed to  Sak* plac» fr«ely, 
transverse stress is induced in tne plate.    Conse- 
nt1-"      ofy = 0    and,  fror. equAtlon (2),    ky = 0. 

no 
<juently, 

The 

• rsi-.ro...'.iWillis S: .si.;-» 

'f£*mM ..-.>• :. •' ^ 

-.«**wv.r:.   .-.i 

Jtii.1-   ; .)>•";•     •' !:,••*+}'•   •'•-'... 

-«•.igr-'--i,';--'^'** £*•' ^/^W^iv' 
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length-width ratio    p   Is equal to 2k/l2, or 2.    The point 
defined by tV.e valued    ky = 0    und    p = 2    la now located 
on the Interaction churt of figure U.    The crdinate of 
thla polni,    kx = 7.01,    Is the critical value of    kx 

for the p.U.te.    The  longitudinal stress '»hioh causes 
buckling lu then fount1 fron equation (5)  to be 

ox = 701*0 psl 

If the folsson effect is prevented,  a transverse 
stress equal to    \L    times the longitudinal Etrsss is 
induced by the er.plicution of longitudinal stress. 
Accordingly, bur.itiirv: will occui- undur a stiesa combina- 
tion in wulch tVie transverse direct stress is one- 
thlrd cf the  lu^lt'i iinal direct stress    ox.    The ratio 
of stress coefficients    r:r/V.x    •.;? 11 a!t>o be 1:3.    By trial 

and error,  the point Jit wnlch   -£ = i    13 found along the 

lino    ^ ~ 2.    in figure ]+.    The vclua of    '.^    at this point 
is 5.93.    The  longitudinal direct strtso corresponding to 
this valu-ä of    kx    is given by nquatlon (5) as 

ax = 5«550 psi 

It io noticed thut prevention of the Toissor. expansion 
reduces the buckling strength of the plate from 7°k0 P3j- 
to 5950 ?sl. 

In this particular oi-oMem the transverse stress    ay 

was assumed to be dove loped by prevention of the Pol3son 
effect.    The charts can also be used to determine the 
critical combinations of    ox    and   oy    when   oy    is 
established directly by a known loading. 

COITCLCJIFO R2'ARK3 

The principal results of the present investigation 
are embodied in the interaction charts.    These charts  can 
be used to obtain critical coittbinatlons of longitudinal 

.- '"^:" £.sp~ •'?•>•':'*• 
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HACA ARR Vo. I/JA05 

and transverse direct stress for Isotropie flat rectangular 
plates with several conditions of edge restraint. 

Langley Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Tjanglpy Field, Va. 

' •  • .-•>••* *•.•*•.-.^.••s^.^ii, "Jti^jSäetsifi''-':••••••••  •»•;. •'•.i*Vii-"w •  • •'4s" 
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APPENDIX 

CRITICAL COMBINATIONS OP DIRECT STRESS FOR PLAT RECTAilGXJLAR 

PLATES DETERMINED BY ENERGY METHOD 

The Energy Method 

The critical stresses are d 
clple that the work done by the 
buckling is  equal to  tl.13 elastic 
the  structure during buckling 
consideration is a flat rectangu 
support or clamped-eci^e  conditio 
direct stresses in the plane of 
can be written in the following 
from equation (210)  of reference 

etemined from the prin- 
auplied loads during 
stvain energy stored in 

If the structure under 
lar plate with 3imple- 
ns,   subjected to   two 
the plate,   this equality 
form,  which is adapted 

1: 

dy dx 

(Al) 

where trie integrations are performed over the surface of 
the plate. It can be shown (reference 6) that for a 
rectRngular plate #ith supported edges, the term 

£-4 tL^* _ ( !>P"   \     on the rißht-hanä side of equation (Al) 
öx2 cy

2  V>x tyj 
vanishes upon integration. Consequently, equation (A1) 
can be reduced to 

*ii®->-+m dy dx = 

dy dx (A2) 

-.•' •    i- -.•' • • '•i'3'St3»»*«iS3!BS»^Si*B£.-..:•*••-,.! ••« s "••••  "-.; - ••      J#R--"J»JiV>'4    •••'•i*..»l~* • 

4* i.*-.^ 
••    ••• •••••<*•.**;: *•..•!• • 
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where 

11 

^   XTT2D 

k„ = a   l£jj 

An approximate solution for the critical stresses 
oan bo obtained cy csdiimins a deflection function 
w - f(x,y) that ootlsfi.es' tho boundary conditions of the 
plate and substituting this function for w J.n equa- 
tion (A/.),    an  interaction equation defining the critical 
rai.utlonfh.lp between kx and k  results. This rela- 
tionship is usually approximate w't uncnnsorvatlve, as is 
Gonerally tiir. cai-o in ;nrrjy rolutiona.  (See reforence 7 
or pp. Gl-32 of reference 1.) When the arsuined buckle 
pattern happens to bt> tho true ono (th ii is, satisfies the 
differential cqui-ior of equilibrium), tho solution is 
e.-:act. Convi-rotly, tho trua buckli> pattern it that one, 
of i-.ll possit>lc j:icJ:liy p:;tt3rna s.;t j.ßfyinp tho boundary 
conuitionc, which j.ivea tho lowest bucklins stresa.  If 
tjioru art CiiVi'ral enor^y solutio-ja to the same problem, 
therefore, the moot accurate is tho one that gives the 
lowest critical stress. 

By using the energy method, the problem of buckling 
of flat rectangular plntos under the action of two direct 
stresses was solved for four different cases of ed£e 
restraint. In each case, ad «.any defloctlon functions 
were used as were necessary to include all the expected 
types of buckling configuration; and, for any pivsn values 
of k  end ß, only the lo»if.st of all tne resulting 
values of kx w.io usod. 

Poundary Conditions 

The  deflection functions wore chosen to satisfy the 
following boundary conditions: 

Alon;* simply supported short edges 

w = 0 

ö2* .  62w  „ 
5x7 + »^ = ° 
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Along clamped short edges 

w = 0 

ox 

Alona simply supported lonE edges 

w = 0 

di + „ ^| = 0 

Along clamped long edges 

*y 

Deflection Functions und Interaction Equations 

The deflection functions and interaction equations 
corresponding tu the different buckle patterns can be 
obtained by assigning different combinations of positive 
integral values to m and n in the following general 
equations.  In each of the cases (b), (c), and (a) two 
types of deflection function were used. Those functions 
which were found to &lve  generally lower (and therefore 
more accurate) results when transverse compression pre- 
dominates are called -inflection functions 1.  Those which 
were found to give lower results when longitudinal com- 
pression oredoMir^atuN ere called deflection functions 2. 
In each '.if figures 5 to 5» a dotted demarcation curve 
separates that region (below the curve) governed by 
deflection functions 1 fron that region (above the curve) 
governed by deflection functions 2.. Portions of the 
dotted curves which would coincide with oortions of the 
dashed curves are orcitted in figure? 1;. and 5« 

Case (a) all edges slrroly supported. 

Deflection functions: 

, ' mux ._ nTry 
3in -— sin ~£- 

:i^mi;f^ 
>;•;•••#. •"&' 

'.£ 

•- •  ,.»*,8*>*.---.£iJ>-."» •*»' 

-v 7**,-.". ' 4"-S-:::.S*..*f.-^', :-i?C---'^ 

£*ä 

•'& 
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for m = 1, 2, 3 . . . and n = 1, 2, 3 . 

Limits of plate: 

x = 0, a; y = 0, to 

Interaction equationst 

* " F+ ^ + ^ ("a" ^ 
for ia = 1, 2, 3 

13 

(A3) 

Equa- ""• m -  J.,  c,   y   .   .   .     and n - 1, 2, 3 ... .  .equa- 
tion (A3) yields exact results since the assumed deflec- 
tion sttisn.es the differential equation of equilibrium 
(equation (209) of reference 1). 

Case (b) l?ng edges simply supported, short edges 
claiKport.- 

Deflection f-.ii.ot' <-na   !• 

w = A 1.2 V*2       V       2 cos TTX sin SHI 
b 

for m = 1 and n = 1, 2, 3 . . 

limits of plate: 

x = -|. |; y - 0, b 

Interaction equations: 

kx = ^i| + 2 + 0.eo6p2(n2 - ky) (At) 

for m = 1 and n = 1, 2, 3 

Deflection functions 2: 

w = A [cos  (m * 1?IBC -  cos  (m + 1?ffx18ln 22 
I. a a J b 

•'•:':. •'..",>< -: •:•'•• •'*••.••»"• f-';? :'.•>••':. ;fia*i!:VU;.'    JA »£*. ;<•'•••    •• ., r. '.- '  •'••    ..-.   •,:--, t. • .*•. 

••     •••• -L •i^.i;vV^-.l*^Ä.',':#%:1
;V'v •..::oi-v.--..  ,.riv . ,*• 
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for   EI = 1, 2, 3  .   .   .    and    n = 1. 

Limits of plate: 

x. ~ 0,  a;    y = 0, b 

Interaction equations; 

£• 
<+ 

for   m = 1    and    n = 1. 

kx = i + 2 • 2£ (l - ky) 

mU + 6m2 • 1 + 2 + P2d - ky) 

(A5) 

(A6) 
&x f<2(m2 +1) '   ~ m2 + 1 

for   ss = 2,   5, I4. .   .   .    and n = 1. 

Case  (c)  long edges clamped, short edge3 simply supported. 

Deflection functions  1: 

n •*• ptryl 
to J n = A sin      cos •   '   -  cos - 

a     L to 

for    m = 1,  2,  3   .   •   .    and    n = 1,  2,  3   •   •   •   • 

Limits of plates 

x = Oj   a;     y = 0,  b 

Interaction equations: 

kx - \ * 2(n2 + l)  + P2  [(n^ + 6n2 + l)   -  (n2 + l)   ky] (A7) 

for    m = 1    and    n = 2,  3»  k  •   •   •   • 

for   m = 1, 2, 3  •   •   •    and    n = 1. 

(A8) 

Is-,-''-   ••fr''',   -  -"'.,i ••-    ^V»*:-*-,''*:*':     -   • "•• 
Ifo-i?'-'.r * -"•.•; .vrv? -"* ^'^ -:;'; ^-.-     ' -   .. - 
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reflection functions 2: 

w — A  sin    

15 

for r. = i, zt  5 

limits of platej 

?@ ;*)**-*] 
.  auc n = 1. 

2 2 
Interaction equations: 

fi2 

U9) f/= m*   * ' 

for   in = 1,   2, ;.   .   .   .     anc?    n - 1. 

Ca3ft  (ci)  all ec.gc.-3  dug:pod. 

reflection functions  Is 

for    m = 1    and    n " 1,  2,  3   .   .   .   . 
limits of plates 

" I' P    5" E °»  f 
Interaction equations« 

Jj.14 kx = -^- + atP2 + 1)+0.50^1^,  + 6ß2 + x   ,   ^ + ^      i 

lilii^^^fe'Äfti" 
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*x = !ti2Jk + 2.67 + l.075tj2(i(. - ky) 

for    a = 1    and    n = 1. 
Deflection functions 2: 

v = A jcos (m - 1)TTX cos is. 

for    m = 1,  2,  3 

Limits of plate: 

and    n - 1. 

(All) 

+212*1 & (£.     i\ + 1 cos 2X1 a    JL
2
V>

2
   V   2      bJ 

x - 0,  a;    y = - §, Ä 

Interaction equntlonaj 

*x = •% + i.tß + ß2 (5.85 - 0.93ky) (A12> 

for m = 1 and n = 1. 

kx = »** + &»
2 + 1 + 2.U8 + P

2(?-% - 1-^T) (Ai3) 
f2(R2 +1) ra^ + 1 

for m = 2, 3, U . . . and n = 1. 

The Interaction equations (A3) to (A13) were used 
in the preparation of the Interaction charts of figures 2 
to 5.  The different regions of the charts, as marked by 
the hashed curves, are labeled with the values of m 
and n that gave minimum values of kx for given values 
of ky and (S. These values of ai and n also define 
the governing deflection function and indicate the buckle 
pattern. 

•-•• ^  '        :ä- "••  • \"     •••;i.m •  ,(f„. 
*.'^V;?;«i' 
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CKfxc«L cunnuxom OP UIOITDDIIU tm nunvnas msaer- 
K« PUT MCTAIWUR PLaTBS WITH AtL DOES attPUT WfKMB» 

r Data for fig. 0 

-3 -1 0 

-7 

0.5 0.75 0.9 1.0 1.05 

p »X p *x 0 "x p «x P *x 0 ** p "x » *x 

1.000 •7.00 1.000 5.00 1.000 »4.00 1.000 3.50 1.000 3.25 1.000 3.10 1.000 3.00 1.000 2-95 
1.200 6.22 I.»« 5.24 1.200 4.13 1.189 »3-4i 1.200 3.05 1.500 2.67 1.500 2.44 1.50a 2.33 
1JU4 »6.00 Lie« S-53 1.414 •4.50 1.500 3-57 1.414 »3.00 1.778 »2.63 2.000 2.25 2.000 2.05 
1.600 6.12 1.682 »4.8} 1.600 4.20 1.682 •3-77 1.800 3-12 1.900 2.64 3.000 2.11 3.000 1.66 

1-73« •6-33 I.300 5.21 1.800 4-04 2.000 3-50 2.000 •3.25 2.515 •2.79 4.000 2.06 4.000 1.26 
1.900 6.10 1.300 4.90 2.000 

b4.oo 2.378 »3.41 2.J00 3-09 2.700 2.73 5.000 2.04 5.OO0 •79 
2.138 "6.00 1.900 4.91 2.300 4.08 2.700 3-46 2.600 3.01 3.000 2.67 
a.500 6.05 2.O60 •5.06 2.449 •4.17 2.912 •3-53 2.828 B3.00 3.300 2.64 
2450 •6.17 2.300 4.87 2.700 4.04 3.300 3-43 5.200 3.03 3.557 b2.63 
2.600 6.05 2.523 »4.83 3.000 »4.00 3.568 "3.41 3.463 •3.08 3.800 2.64 
2.624 06.00 2.700 4.85 5.464 •4.08 4.119 •3-47 4-243 »3.00 4.200 2.67 
J.liJ •6.10 2.913 •4.95 i.000 °4-oo 4-757 "341 4.895 •3.04 4.355 »2.6S 
3-536 »6.00 3.100 4-86 t.472 •4.05 $.000 2.64 
3-873 •6.07 3.36b »4.83 5.000 04.00 
4-243 »6.00 3.761 •4.90 
4.983 •6.05 4.205 

]».to6 
$.046 

"4.83 
"4.87 
•4.83 

1.1 1.2 i.3 1.» 2 3 4 
P *x P *x ß "» P *x P *x P "x o »X 

1.000 2.90 1.000 2.8a 1.000 2.70 1.000 2.50 1.000 2.00 1.00( I    1.00 1.000 0 , 
1.200 
1.5O0 1$ 1.500 

2.000 

•i 
1.500 
2.000 

1-77 

-1:8 
-2.74 

1.500 
2.000 

I.32 

-1.1 
1.500 
2.000 *8 fö 

..48 
-f-25 

1.200 
1.500 

•1.62 
-4.30 

2.000 
2.5O0 If 

1.21 .a 
2.500 
3.000 

2.500 
3.000 

5.000 
4.000 

2.5OO 2:» -3.80 
» -575 

3.000 
4.000 i.'ooi -I'.hi 2.000 

4.500 5.000 4.500 -2.00 -4.02 

*Cnip. Indicating ahuix» In th* 
tllBlam polst of a aullop. 

ambmr of longitudinal buoklo«. 

«atlOIU. ADTISOnT 
COWniMS FC* UBOmaOTIC» 

» •r^*,';:i.'''€v-,-?. 
. .•.••Ai*.:,dr.-.-^?::j;-s;--**-:'-*<-ä '• J.V.'W'*-'- •• 

'^ .•*•:••' v 

"r; .•;./'s:?*^*t:^r,.;*-c< ^^ 
v •• • -' 

.x-t*-- "f:f. 
:J 
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w 
T1BI* 2 

ennui coranunoxs OF uwtToniu. AID TMisnuat uiBMnai 
covncinrs rat PUT IUBIAKWUII KATCS WITH ton soon 

niKt »PPOMID MB SHORT »DOES CUKPZD 

[l»tm for tig- 3 ] 

  ... „, loagttaaln»! bucKl«- 

feWDlwB point öf • «»l»p. 

ÄfÄflSSBw» CaHKTTK W* 

• •'"•':   "/'       •.•'V' •,':/    *: « 
*    "     .' •<     , •"••    >T^.   ": 

• •'••••   •• •• .•."!•• ••   *d«£Ä'«£vG•#;</ PW 
''•'*. ^r .<*'••'.-••*•*• 

'<,     \    JPv'-r'-vV- '•'•.•"•',*T^''----''"-.'>   -vV 
£ '•   •'•^:-:- T*':^fii^i.;i+-'7 "Avv;;."u.. •'•'•'« .';.. :^i 

.'••..-*        -   •••r*' -.•' ^ • 

-v ...    - •,•-•.:•  -.Si*, r. v; .• 
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CRITICAL CHKUnon OF LOMITOBIEAl A» 

KKTAMBUR HATES WITB LOM (DOBS CLNOT) AID SHOOT 

[DM» for ft«. It] 

mmciun rat FLAT 

SIMPLX aDPPORTH> 

*7 

-5 -2 0 1 2 3 3.5 

P «x P »x P "x p *x P "x M •x p «X 

1.090 ••9.21 1.000 8.38 1.000 7.76 1.000 7.38 1.000 6.14 1.000 4-90 1.058 04.27 
1-335 •9.78 1.100 8,06 1.100 7.34 1.006 •7-42 1.107 •6-56 1.100 5.02 1.300 4-38 
1.435 O9.21 1.204 08.00 1.200 7.11 1.100 6.92 1.200 6.21 1.200 5.22 1.400 4-48 
1.B88 •9.48 1.300 8.06 1.328 07.01 1.200 6.66 1.300 5.97 1-295 •5-46 1.530 •4.65 
2.160 »9.21 1.400 a.25 1-300 7.15 1.423 "6.43 1.400 5.82 1.400 5-21 3.700 4.44 
2.107 •9.38 1.474 •8.46 1.627 •7-59 1.600 6.54 1.566 b5.74 1.500 5.06 1.900 U.31 
2.400 9.24 1.600 8.16 1.800 7-11 1.743 •6.76 1.800 5-87 1.700 4.89 2.115 04.27 
2.725 69.21 1.806 >>8.oo 1-992 O7.01 I.9OO 6.54 1.918 •6.01 1.832 04.86 2.500 4-35 
2-985 •9.33 2.083 •6.25 2.200 7-10 2.135 06.43 2.100 5.82 2.100 4.95 2.630 •4-39 
3-270 09-21 2..\>0 B.:j 2.301 •7.20 2.40O 6.34 2.349 05.74 2.244 •3.06 2.900 4.30 
3.531 •9-29 2.408 

2.692 
OB.00 2.300 

2.657 
7.03 2.463 •6.59 2.600 5.81 2.500 lt-90 3.173 04.27 

3.814 
t-078 

O9.21 •6.14 O7.01 2.700 6.45 2.712 •5.88 2.748 04.86 3.6OO 4.32 
•9-27 3.010 »8.00 2-970 •7.13 2.846 06.4» 3.132 O5.74 1.000 •4.90 3.685 »4-34 

4-360 1>9.21 3.297 •8.09 3321 07.01 3.182 •6.53 5-501 •5.82 J.173 04.96 4.2>31 04.27 
4.624 »9.26 3.611 oe.oo 3.637 •7.09 3.558 06.43 3.915 05.74 1.663 •4.86 5.288 04.27 
4-905 1>9.21 3.901 •8.07 3.985 *7.01 3.897 •6.50 4.2BB •5.80 04.92 
3.170 •9.25 4-213 08.00 4.305 •7.07 4.270 06.43 4-698 05.74 »-579 •4-86 
5.450 «9.21 4-304 

4.816 
3.108 

•8.03 
08.00 
•e.04 

4-649 
4.970 
5.313 

07.01 
•7.05 
07.01 

4-612 
4.981 
5.324 

•6.48 
06.43 
•6.47 

5.074 •5-78 5-017 04.90 

3-8 4.0 4.1 4.2 4-5 5 6 

P •« P «x p *x p «X P «X P •x P *x 

1.000 m 1.000 3-66 1.000 3.53 
3.10 

1.000 3.40 
2.89 

1.000 3.00 1.000 f:31 1.000 1.00 
1.200 1.250 3-31 1.230 1.250 1.100 2.68 1.100 1.100 .26 

i"too 03.70 1.300 3-11 1.300 2.81 1.300 
1.6; 
1.16 

1.250 2.27 1.250 1.23 1.250 -•85 3.7p 2.000 2-»i 2.000 2.38 2.000 1.500 
1.600 

1.61 L.500 
1.600 

.11 1.500 -2.89 
1.600 l-A 3.000 2.78 2.300 i:8 2.300 .81 -I'.ii. 1.BO0 1.000 2.73 3.000 3-000 .58 2.000 • 25 2.000 
!•!** •3.94 3.000 2.70 3.500 

4.000 
1.11 3.500 

4.000 
2.200 -Iff 2.000 

3.81 
•59 •1-54 2.5O0 

2.200 4.500 .01 5.000 -3-96 5.000 -3.22 
2.300 3-77 3.000 -.62 
2.300 3.72 
2.700 3.70 
2.781» 03.70 
2.900 
J.IOO 
3.200 

».70 
3-72 
3.74 . 

3.U08 »3.78 
4.176 03.70 
4.820 "3.74 
5-5« 03.70 

•Ou.p. Indloatlng chug« In mubar of longitudinal buoklM. 
»Minima point of * •eollop. 

•ATIOIAL' APViaOR 

'•:* '"*•• 

H'. W 

777~7~~!r7~ 
'i*.:4.:'~'' *'<' •••• 

- ••••'* :%&&mc 

•;t.: 
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TABU 4 
CRITICAL cenOUTXOM OP HMXIUDMAL AID TRAVSVBtai DIRBCT-STRIM COaTPICIMM 

FOR PUT RBCTAIBOUR PLATES »ITS ALL SDORS CLallKD 

[Data for rig. 5 ] 

*7 
-10 -5 -1 0 1 2 3 

« "x P "x P *x p «x p "x » •x p •x 

1.837 "13.21 1.200 11.44 1.045 •11.38 1.009 »10.33 1.000 9.40 1.000 8.47 1.000 7.54 
1.325 »13.31 1-379 »11.10 1.200 10.01 1.103 •10.47 1.081 9.32 1.190 »8.13 1.200 6.79 
1.669 »12.25 1.477 •11.19 1.400 9.16 1.200 9.65 1.183 •9.44 1.301 •8.23 1.392 »6.61 
1.775 •12.32 1.600 10.70 1.592 »8.95 1.500 8.44 1.400 8.19 1.500 7.32 1.522 •6.68 
2.000 11.60 1.861 »10.33 1.706 •9.01 1.680 »8.26 1.700 7.57 1.800 6.73 1.800 5-93 
2.116 »11.74 1.979 •10.39 1.900 8.55 1.801 •8.34 1.801 »7.54 1.981 »6.66 2.100 5-59 
2.246 •11.80 2.100 10.13 2.146 »8.37 2.000 7.93 1.929 •7-58 2.123 •6.70 2.318 »5-53 
2.1*00 11.55 2.362 »9.92 2.285 •8.41 2.268 »7-76 2.200 7.18 2.400 6.37 2.485 »5.56 
2-579 »11.46 2.504 »9.97 2.500 B.15 2.412 »7.81 2.430 »7.08 2.674 »6.28 2.800 5.33 
2.7* •11.51 2.700 9-75 2.727 »8.06 2.600 7-59 2-584 •7.12 2.844 •6.31 3.128 »5.26 
2.800 11.41 2.876 »9-6? 

•9-74 
2.892 •8.10 2.889 »7.49 2.800 6.93 3.000 6.19 3.327 •5.281 

3-01.8 »11.29 3.038 3.321 »7.89 3.052 •7-52 3.084 »6.84 3.390 »6.08 3.600 5.16 
3.206 »11.33 3.399 »9-56 3.507 •7-92 3.506 »7.34 3-271 •6.87 3.599 •6.11 3.971 »5.11 
3-521 »11.18 3.576 •9-59 3.924 »7.79 3.700 ÜZ-57 3.756 »6.71 4.133 »5-97 4.210 •5.13 
3.691 •11.22 3.927 »9-47 4-129 ••».82 4.143 »7.25 3.967 •6.74 4.566 »5.99 4.855 »5.03 
3-979 »11.11 4-116 •9.50 4-534 »7.72 4.358 V-** 4.438 »6.63 4.883 »5.91 5-107 »5.05 
4-176 »11.14 4.459 »9.41 4.752 •7.75 4.785 »7.19 4.669 •6.65 5.138 »5-93 5-714 »4.96 

4.657 »9-44 5-148 
5.377 

»7.68 
"7-70 

5-016 
5.434 

•7.21 
»7.15 

5-127 »6.58 5.642 »5-87 

3.5 3.8 4.0 4.2 4.5 5 6 

P "x P "* P *x P »X f> *x P *x P «X 

1.000 7.08 1.000 6.80 1.000 6.61 1.000 6.43 1.000 l-M 1.000 5.68 
4.80 

1.000 fJt 1.300 5-86 1.100 6.13 1.100 5-95 1.100 5.72 1.100 1.100 1.100 
1.607 »5-58 1.200 5-72 1.200 5.45 1.200 5.18 1.200 4.78 1.200 4.00 1.200 2.26 
1.757 
2.000 

»5.63 

1% 
1.300 
I.4ÖO 

5-39 

1% 
1.300 
1.400 1% 1.300 

2.000 Me 1.300 
1.500 

4.20 
3.39 

1.300 
I.5OO 
l.foo 

3.30 

":3 
1.300 
I.4OO 

1.38 

2.300 1.500 1.500 4.51 3.000 I.« 1.700 2.56 1.500 
2.<75 »4.77 2.000 4-56 1.700 4.10 4.000 -.51 2.000 1-55 2.000 -.60 1.600 -1.13 
2.866 »4.79 

4.63 
2.250 *s 2.000 3-70 5.000 -2.54 2.200 •n 2.100 .1.13 2.000 -4.90 

3.200 2.300 2.500 3.33 2.500 -.03 
3.611 »4.56 2.700 4-23 3.000 3.13 5.000 -1.71 
3.841 •4.58 3.128 »4-15 3-500 3.00 
4.200 4.t9 3.351 •4.17 4.000 2.92 
4-583 »4.45 3.800 4.04 4.500 2.87 
4.859 •4.47 4-221 »4-oo 5.000 2-83 
5.581 »4.39 4-490 

4.8OO 
•4.02 
3.96 

5-359 »3.92 . 
•Cuap. 
»Minim 

Indloatlng changa In tha numbar or longitudinal buoklaa. 
M point of a aoallop. 

«ATIOaAL ADVISORY 
CONWHB FOB ABKWADTICS 

:•:. »:•£-. in.' 
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COM (k)i    loag *d|M «Imply nvporta«, abort *d«aa olMpao 

•,-0 H, • 0 

. 
»» 

• 
•» 

tun BIIU« !»•••« •olutla». Mrwat aiffaNiM« tust a»latUB MlNt wlutlon 
(i) HI 19) (k) 

i 7.69 7.76 0.9 1.0 4.7k 6.75 0.1 

•* • •9k 

k.66 

(.99 

k.«9 

.B 

.6 

1.2 

1.7 5 3» 

5.86 

1-5 

J-k5 

2.5k 
1.92    . 

94* 

«•5« 
1.9k 

.6 

.8 

1.0 

i-JP 
2.0 

£2, 
3.0 

Ml 
(.85 
k.5» 
k.50 
U.U 

L.50 

.i 
0 
0 

.9 
0 
0 

1.51 1-59 1-9 

C«M <«)•    loa« ••«•• «laBpad. snort •««•• itaply mpporUd 

kx • 0 k, = 0 

•» k. 
IU«t   MlUtlM praMBt »olutlon PWMnt 01ff*roM. buot Bolntlon PP.HD«  Solution 

HI 15) (*> (7) 

I, 6.7k 6.75 0.1 1.0 7.«9 7.7t 0.9 
l* 5.59 5.59 0 1.2 

i:. 
1.8 

?:SI T.11 
7 Oil :l 4 k.82 k.°2 0 7.JI 

7.06 
7.59 
7.11 :i 

2.0 
2.1 

7.01 
7.0U :. 

5.0 7.05 7.11 .9 

Cu* (411    »11 *dftt almpod 

k* * 0 k, = 0 

P 

*» 
» 

k. 

bBHt  •OltttlW hmrt MlntlMi 
(10) 

rtraaut 41fr.i*nM luat .olfttloi 
(8) 

»MMnfe «olutlon 
(11) 

r*i««nt difr*rHM 

1 WB' 10.55 2.6 1.0 10.07 W.JJ 2.6 

>* 
it.»»' 

(.«a .9 ^ ill Ift 1.0 
1-9 * k.B4 .1» i-P 

B-il 3 
1.» » 

7.88 

III 
*S«r«*nM 1» p. 5k5. 
^•»9».«" ,» - 1   »MM n »nvtlcD IA) «lth  a • 

»MUMM 1. p. 5«k. 
Jr«. a«wtuu Its) «id (46). 
9fM« •«•Mian (JL8) «Mb   • • 1, 

£n«. 6 of Mftiaao. 2. 
WM «Buttlon (A9). 
"Hkf*»fiM 9. 

,»«»••» Ualt, nlina, I,, 
• <t««tlon (All). 
• •niltiu (iu) ^j (ilj). 

wunu raipMumo* 

:-'^M'^P^-'-'^'^^:r^.'"M^^i:^' ü 

^*''i-^^f*.'"-Vrr:,:*-;"';- 

•;••-:.• •"-. --•••' •;- *- •*« - ^ •• '•• **S«I &>#.,• v . £•' •' 
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rig. 2 
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m = number  of lonqitudinal   buckles 
n * number of transverse   buckles 

Figure 2 - Critical combinations of lonqitudinol and transverse 
direct • stress coefficients for flat rectanqular plates with 

all  eclqts.   simply   supported. 
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—•** . °"7~7- m-number of longitudinal   buckles 

n = number at transverse   buckles 
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Figure 3.- Critical combinations of lonqitudmol and transverse 
direct-stress coefficients for flat rectangular plates with 
long  edges  simply   supported   and   short'  edges   clamped. 
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°* 3«t— a —»C0* n> • number of lonqitudinol buckles 
Y^f'jy n - number of transverse buckles v, 

Figure 4.- Critical combination* of lonaitudmal  and transverse 
direct - stress   coefficients    for   flat rcctanqular  plates with 
long,   edqes    clamped   and short edges,   simply  supported. 
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Z°i m = number of longitudinal   buckles 
n = number of transverse buckles 

Figure 5.- Critical  combinations  of longitudinal  and transverse 
direct - stress   roefficients   for flat rectanqular   plates  with 
all edqes   clamped. 
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Present   solution 

A lower limit 
- Present   solution 

^A lower limit 

(a) Long edqes simply supported,   (b) Long edges  clomped, 
short edoes  clomped. short   edqes simply supported. 

-Present  sototlon 

^^S^A lower limit 
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(c)   All  edges clamped. 
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Figure 6.-  Comparisons  of   present   solutions  with 
lower limits.    ß = 4- . 
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